INTRODUCTION
More than 3000 different type II restriction endonucleases are known and characterized with respect to their cleavage specificities (1) . This group of enzymes probably constitutes one of the largest families of enzymes with the same basic function. This makes type II restriction endonucleases (like DNA methyltransferases) ideal objects to study evolutionary relationships. Moreover, in principle, the family relationships should eventually allow predicting structural and functional features of an individual restriction endonuclease, solely on the basis of sequence comparisons. This was not obvious for a long time, because only 10 years ago, restriction endonucleases because of their little sequence conservation, were not considered to be related in evolution (2;3) . But this changed due to the progress made in the analysis of sequence similarities (4) (5) (6) and, in particular, due to the increasing number of crystal structures of restriction enzymes (reviews: ref. (7;8) , which made it obvious that these enzymes have very similar structural cores. Nevertheless, it has been shown recently that some genuine restriction enzymes belong to distinct nuclease superfamilies (Nuc, HNH, and GIY-YIG), which are unrelated and structurally dissimilar to each other and to the "archetypal" (P)D... D / E XK superfamily (9) (10) (11) . These findings make comparative studies using sequences of restriction enzymes even more challenging.
(column height approximately 3 mm) at the specified speed until no change in concentration distribution could be observed for at least 12 hours. Scans from these 12 hours were averaged to reduce random noise. A simple aggregation model will describe the association of n dimers of SsoII to form a single aggregate. For such a reaction the law of mass action can be written as: where all c i (x) must obey to the above law of mass action. The partial specific volume for Tris/acetate, pH 8.5, 5 mM CaCl 2 , gels were subjected to autoradiography using an instant imager (Canberra Packard).
Sequence Analysis and Structure Predicition
The multiple alignment was obtained based on PSI-BLAST searches of the non-redundant sequence database at the NCBI (http://www.ncbi.nlm.nih.gov) and edited manually based on consensus secondary structure prediction and threading results reported by the Meta Server (41;42) with the links to the individual methods provided therein and at the website http://bioinfo.pl/meta/. The alignment of NgoMIV and Cfr10I was based on the structural superposition of the atomic coordinates. The neighbour-joining tree (43) was estimated from 100 bootstrap resamplings of the conserved alignment.
Homology modeling of the core region (residues 115-257) of SsoII was performed using
Swiss-PdbViewer and Swiss-model (44) based on the coordinates of the NgoMIV-product complex (39) . A series of alternative models of the SsoII monomer were submitted to the Verify3D server (45) to evaluate compatibility of the residues with the environment. The best structure was used to model the interactions of SsoII with the cleaved target DNA. At the outset, the coordinates of the double-stranded d(GCGCCGGCGC) containing the NgoMIV target sequence were copied to the model from the template structure. Subsequently, the SsoII-DNA complex was duplicated and positioned in such a way, that one of the subunits remained superimposed onto the corresponding NgoMIV monomer, while the other was shifted and rotated to reflect insertion of one base pair in the middle of the DNA sequence. It was immediately recognized that preservation of the NgoMIV-like structure of the DNA and orientation of the active sites in respect to the "CC" element in both SsoII monomers lead to unresolvable steric clashes and loss of contact of Arg186 and Arg188 side chains with the "GG" element. Thus, the 185-189 loop of SsoII was separately superimposed onto the 190-subunits were mutually rotated together with the DNA to reduce the overlap at the dimer interface and to bring the ends of the displaced 185-189 loop close enough to the original attachment points to allow reconnection of the polypeptide backbone without distortion of the neighboring regions. As an outcome, the model of the SsoII-DNA complex contains two regions of interaction with the "CC" and the "GG" elements that closely resemble those of the NgoMIV template structure, but which could not be simultaneously superimposed onto it.
The final model of the monomer was refined using GROMOS (46) , duplicated, and docked onto the DNA created from two NgoMIV half-sites "GCGCC" with an additional AT base pair manually inserted in the middle.
RESULTS
We show here that SsoII shares sequence similarities with EcoRII, Cfr10I and NgoMIV (among others). The most interesting aspect of this is that EcoRII, Cfr10I The results of the analytical ultracentrifugation and the gel filtration experiments demonstrate that SsoII like orthodox type II restriction endonucleases is a homodimer, both in the absence and presence of DNA.
Our finding that SsoII is a homodimer is somewhat at variance with a result obtained for a very close relative of SsoII, namely Ecl18kI which differs only in one position (pos. 232
where SsoII has an isoleucine and Ecl18kI a valine residue) (48): based on a gelfiltration analysis
Ecl18kI was identified to be a homotetramer (49) . Of course, it cannot be excluded that a valine for isoleucine substitution could change a dimer to tetramer equilibrium. all have recognition sites with adjacent guanine residues, harbour a KX 3 RXXRX 6 E motif (8) .
Steady-state DNA Cleavage Experiments-SsoII
The cocrystal structure of NgoMIV indeed shows that the Arg191 and Arg194 residues recognize the guanines (underlined) of the GCCGGC recognition sequence (39 We failed to detect a typical (P)D... D / E XK motif, which characterizes the active site of many type II restriction endonucleases (6;33-35) , in the sequence of any of the endonucleases represented in Another region with almost 100% conservation in the alignment of Fig. 3 is around Glu70 in the NgoMIV sequence. In the cocrystal structure this residue is located close to the active center of this enzyme. Nearby is Gln63 which is involved in a hydrogen bond to the last base (underlined) of the recognition sequence G↓CCGGC (39 II) ; it is tempting to speculate that this is also true for the other enzymes whose sequence is shown in the alignment of Fig. 3 .
Mutational analysis of amino acid residues in DNA binding and cleavage-Based on the multiple sequence alignment shown in Fig. 3 , Arg116, Arg117, Arg119 and Lys122 as well as Arg186 and Arg188 are candidates for amino acid residues involved in DNA binding and recognition by SsoII, whereas Glu125, Asp160, Lys182, Glu191 and/or Glu195 could be responsible for DNA cleavage. These residues were subjected to a mutational analysis. In addition, Glu187, Glu233 and Lys235 were included in this analysis: Glu187, because it is also a well conserved amino acid residue (Fig. 3 ), Glu233 and Lys235 as alternative candidate amino acid residues to be involved in catalysis (these residues are part of a variant PD... D / E XK motif: P 194 E... 233 EN 235 K).
The variants carrying an alanine substitution in place of the wild type amino acid residue were produced by site-directed mutagenesis, purified to homogeneity and analyzed with respect to their DNA binding and cleavage activity.
DNA binding of the variants was analyzed by gel electrophoretic mobility shift assays using oligo US/LS-20b in the presence of Ca 2+ . Under these conditions SsoII binds specifically to DNA containing a recognition site, whereas in the absence of Ca 2+ there is no specific binding, as multiple band shifts are observed with a PCR fragment (G. Stengel, unpublished), similarly as reported for EcoRV (52) . Fig. 4 shows the results of the gel shift experiments with oligo US/LS-20b: the variants R116A, R117A, R119A, R186A and R188A show no or little, the K122A, E125A, D160A and E187A variants reduced DNA binding, whereas the K182A, E191A, E195A, E233A and K235A display a very similar affinity for DNA as the wild type enzyme (Fig. 4 and Table I ), which was determined in several titrations to be 40 ± 10 nM (data not shown). The inability of some variants to bind to DNA specifically is not due to an aberrant folding of the variants, because it was demonstrated that these variants have an identical circular dichroism spectrum as the wild type enzyme (data not shown).
DNA cleavage by the variants was analyzed using a 325 bp PCR product with one SsoII recognition site (Fig. 5 ). As expected, the variants defective in DNA binding in the presence of Ca 2+ , namely R116A, R117A, R119A, R186A and R188A, are completely inactive in DNA cleavage. In addition, E125A, D160A, K182A, E187A and E195A turned out to be unable of cleaving DNA, although they can interact with DNA in a specific manner. Detailed kinetic experiments carried out over more extended incubation times demonstrated a residual DNA cleavage activity only for the E195A variant in the range of 2 % of the wild type cleavage activity ( Fig. 6 and Table I ). The small but nevertheless detectable activity of the E195A variant suggested to us that Glu191 could partially "rescue" this mutant, in particular as in the alignment shown in Fig. 3 two restriction enzymes do not have a glutamic acid residue corresponding to Glu195 but instead only one corresponding to Glu191. We, therefore, produced the double mutant E191Q/E195Q which turned out to be completely inactive (V. Pingoud, unpublished). It is important to note that E191A, E233A and K235A
show largely unaltered DNA binding and cleavage activity. This result could be interpreted to mean that Glu125, Asp160, Lys182 and Glu195 have a direct catalytic function, not however, Glu191, Glu233 and Lys235. The low activity of the K122A variant could be due to the fact that Lys122 is located close to the cluster of Arg residues (Arg116 to Arg119) which are essential for DNA binding and cleavage. and Glu195 were found in the present study to be essential for cleavage.
It can be expected that the sequence homologies apparent in the sequence alignment (Fig. 3) reflect structural homologies, which should manifest themselves in a secondary structure similar to that of NgoMIV observed in the cocrystal structure of NgoMIV (39) . Indeed, a secondary structure prediction carried out for SsoII and, for comparison, also for EcoRII,
shows that in the region of interest (SsoII: amino acids 123 to 232; EcoRII: amino acids 270 to 370), there is a close correspondence of secondary structure elements between SsoII, EcoRII and NgoMIV (as deduced from the cocrystal structure). As shown in Fig. 8 , the structural core, which is characteristic for many type II restriction endonucleases (7;28;62), is likely to be also present in SsoII and EcoRII. Projected onto this structural core, the presumptive functionally important amino acid residues are found in similar locations as observed in NgoMIV, if one takes into account that the borders of individual secondary structure elements are not easily predicted.
The quality of the multiple sequence alignment and of the secondary structure prediction suggests that it should be possible to model the core structural elements of SsoII using the NgoMIV structure as a template (39) . For that purpose, the SsoII sequence was manually threaded onto the NgoMIV structure using multiple sequence alignment and secondary structure prediction to superimpose conserved and therefore presumably functionally important amino acid residues of the target and the template. Binding activity was determined using electrophoretic mobility shift assays by incubating 100 
